Algae were recently considered as a promising third-generation biofuel feedstock due to their superior productivity, high oil content, and environmentally friendly nature. However, the sustainable production became the major constraint facing commercial development of algal biofuels. For this study, firstly, a factorial experimental design was used to analyze the effects of the process parameters including temperatures of 8-25˝C, light intensity of 150-900 µmol¨m´2s´1, and light duration of 6-24 h on the biomass yields of local alga Chlamydomonas debaryana in swine wastewater. The results were fitted with a quadratic equation (R 2 = 0.9706). The factors of temperature, light duration, the interaction of light intensity-light duration, and the quadratic effect of temperature were statistically significant. When evaluating different scenarios for the sustainable production of algal biomass and biofuels in North Carolina, US, it showed that: (a) Growing C. debaryana in a 10-acre pond on swine wastewater under local weather conditions would yield algal biomass of 113 tonnes/year; (b) If all swine wastewater generated in North Carolina was treated with algae, it will require 137-485 acres of ponds, yielding biomass of 5048-10,468 tonnes/year and algal oil of 1010-2094 tonnes/year. Annually, hundreds of tonnes of nitrogen and phosphorus could be removed from swine wastewater. The required area is mainly dependent on the growth rate of algal species.
Introduction
With growing concerns about declining fossil fuel supplies, environmental issues, and increasing demand of fossil fuels, renewable biofuels have received a large amount of research attention [1] . While first-and second-generation biofuels (i.e., biodiesel, corn-based ethanol, and advanced biofuels) are already in the market or entering into the market [2] , algae were recently considered as a promising third-generation biofuel feedstock due to their superior productivity, high oil content, and environmentally friendly nature [3, 4] . The algal technology for biofuels production has greatly been advanced in the past decade [5, 6] . It is recognized that the sustainable production of algal biomass is indeed the major drawback to commercializing algae-based biofuels [7] .
Recently, an increase in swine production has resulted in greater amounts of swine wastes and treatment problems [8] . For example, because flush collection is the common swine manure management practice in North Carolina (NC) [9] , in which dilute manure is stored in outdoor uncovered lagoons, this manure management may lead to environmental and health issues, such as ammonia emission, odor, and infectious diseases [10] . Agricultural wastewater without a proper treatment possesses surplus nitrogen, phosphorus, and other chemicals. If discharged, it may lead to the eutrophication of receiving water, surface water pollution, and leaching to ground water [11] . On the other hand, algal growth requires three major nutrients of carbon, nitrogen, and phosphorus, while other nutrients may be required in trace amounts, including calcium, chlorine, chromium, cobalt, copper, iron, magnesium, manganese, potassium, silica, sodium, sulfur, and zinc [12, 13] . When growing algae in outdoor ponds or large-scale photobioreactors, the use of commercial fertilizers would substantially increase production costs of algae-derived biofuels. For aforementioned reasons, wastewater is often considered as a proper growth medium for algae, increasing the environmental sustainability [13] and the economic sustainability of algal biofuels [14] .
The purpose of this research is to address a critical barrier in the sustainability of algal biofuels by studying the algal growth in the swine wastewater under local weather conditions and analyzing possible means of improvement. For this study, a local alga of Chlamydomonas debaryana was grown in swine wastewater under various environmental conditions; the biomass production was optimized by using the central composite design; and obtained information was applied to analyzing the potential of algal biomass production in North Carolina.
Materials and Methods

Microalgal Strain and Cultivation Conditions
Chlamydomonas debaryana AT24 was isolated from the local swine wastewater lagoon [15] . Our previous study showed that this species has a higher lipid content than Chlorella vulgaris and keeps growing at a moderate growth rate under relatively low temperatures [15, 16] . For this study, C. debaryana was cultured with swine wastewater, which was collected from an uncovered lagoon at the university swine farm. The swine wastewater was filtrated with a Whatman quantitative filter paper (8 µm pore) to remove large, non-soluble, particulate solids. After filtration the wastewater was autoclaved for 15 min at 121˝C. The compositions of swine wastewater and medium used in this study are summarized in Table 1 . Proteose medium is used to compare different growth behaviors of this alga. An AlgaeTron Multi-Cultivator MC 1000 photobioreactor (Photon Systems Instruments, Drasov, Czech Republic), which consists of eight 100-mL tubular reactors, was used to mimic environmental variations. A detailed description was provided elsewhere [16] . Typically, 72 mL of autoclaved swine wastewater and 8 mL of microalgal inoculum were loaded into a 100 mL tube, and gases were supplied to each tube at a flow rate of 100 mL/min to provide CO 2 source and increase mixing. To obtain a gas mixture containing CO 2 , the original CO 2 source with a 99.9% purity was mixed with air through mass flow meters (Alicat Scientific, Tucson, AZ, USA). The ratios of CO 2 and air after mixing were 5% and 95% (volume), respectively. Microalgae were cultured in the swine wastewater for 15-30 days with varying temperature (8-25˝C), light intensities (50-900 µmol¨m´2s´1), and light durations (2-24 h) . All experiments and analyses were performed in triplicate or duplicate. 
Determination of Microalgae Growth and Nutrient Analysis
For sampling, 30-50 mL of microalgal broth was collected from the photobioreactor, and centrifuged at 2600ˆg and 20˝C for 15 min. Supernatants were separated to determine the nutrient removal from wastewater. Supernatants were filtered using a 0.45-mm nylon membrane filter. Then, the filtrates were appropriately diluted and analyzed for the chemical oxygen demand (COD), ammonia, and total phosphorus according to the Lamotte Smart 3 colorimeter manual [17] . To determine microalgae growth, the collected microalgal cells were dried at 105˝C until the sample reached equilibrium moisture content.
Central Composite Experimental Design and Evaluation
The central composite design (CCD) is a factorial experimental design with center points, augmented with a group of axial points that are used to estimate curvature [18] . Three factors of cultivation temperature, light intensity, and light duration were optimized through CCD, which includes 20 sets of experiments including include eight factorial points (cubic points), six axial points (star points), and six replicates at the center point. The relative and interactive effects of three factors on the biomass yield after 15-day growth were investigated at three levels. The obtained experimental data were fitted to the second-degree polynomial equation:
where Y is the biomass yield in 15 days; X 1 is the cultivation temperature; X 2 is the light intensity; X 3 is the light period per day (i.e., light duration); B 0 is a constant; and B i , B jj , and B ij are linear, quadratic, and interaction coefficients, respectively. The variable X i in Equation (1) is the non-coded independent variables.
Three-dimension (3D) response surfaces were performed to elucidate the individual and mutual effects of the experimental variables on the response [19] .
The statistical significance of each item in Equation (1) was assessed with analysis of variance (ANOVA) by fitting the experimental data to a second-order polynomial equation. The statistical significance level cut-off was chosen as p = 0.05.
Estimations of Algal Biomass Production
The microalgae were assumed to be grown in the open raceway pond. To minimize the difference between the laboratory photobioreactor and open raceway ponds, the rates of NH 3 volatilization and water evaporation were assumed to be same in both systems, which were approximately 50% and 10% of total volume after a 15-day culture, respectively.
The light intensity in C. debaryana culture was estimated by using Equation (2) [20] :
where I 0 is the light intensity on the water surface (µmol¨m´2s´1), k c is the coefficient for cell density, C D is the cell density (g/L), k l is the coefficient for algal medium, and d is the water depth (cm). In order determine the values of k c and k l , C. debaryana cultures were mixed well and placed under sunlight. The light intensity values on the water surface (I 0 ) were measured by using a LI-1400 DataLogger with LI-190R Quantum sensor (LI-COR Biosciences, Lincoln, NE, USA), and the light intensity values in the water (I) were measured by using a LI-1400 DataLogger with LI-192 Underwater Quantum sensor (LI-COR Biosciences, Lincoln, NE, USA). Combining data of cell concentrations (C D ) and the water depth (d), the values of k c and k l were experimentally determined as 0.03725 and 0.3525, respectively. The light intensity on the Earth's surface depends on many factors, such as radiation angles and weather conditions. Thus, only the average values of light intensities were used in the estimation.
According to our periodic monitoring, the light intensities on the water surface (I 0 ) were assumed to be 900, 1400, 900, and 600 µmol¨m´2s´1 during spring, summer, fall, and winter, respectively.
A raceway pond is often shallow enough so that the water temperature is fairly even from top to bottom and changes with air temperature. To establish the estimation in this study, the average temperature of each month was used. The temperature data was adopted from [21] , while the data of average daytime was obtained from [22] .
According to USDA, North Carolina (NC) holds the second largest hog inventory with 8.4 million head in 2014 [23] . Each hog was assumed to produce 1.2 tonnes/year of waste with a total solid content of 10% [24] . Since flush collection is the common swine manure management practice in NC [9], 1.2 tonnes/year/head water was assumed to be used to flush hog wastes and dilute the solid content to 5%, resulting in a use of 10.1 million m 3 /year water. When comparing the needed area for treating swine wastewater, the raceway pond with a water depth of 20 cm was assumed to be used to grow algae year-round. These data are summarized in Table S1 (S: Supplemental materials).
While evaluating the biofuel production from C. debaryana, biological properties of C. debaryana (such as lipid content and protein content) grown in open raceway ponds were assumed to be the same as those of alga grown in the laboratory photobioreactor.
Results and Discussion
Effects of Environmental Parameters
Light Saturation
The growth of microalgae was known to remarkably depend on the appropriate light intensity, light duration, and light wavelength [25] . Our initial study on C. debaryana AT24 indicated that it is not sensitive to photoinhibition, and there was a possible "saturation" effect [15] . For this paper, a sufficiently broad range of light intensity (50-900 µmol¨m´2s´1) was selected to show conditions of "insufficient" and "saturation" light intensities. Figure 1 shows the biomass yields obtained at 20˝C under continuous lighting. When the light intensity increased from 50 to 150 µmol¨m´2s´1, the biomass yields in 15 and 30 days increased by 53% and 45%, respectively. However, a substantially higher level of intensity showed no observable influence. The results confirmed the apparent light saturation effect on the growth of this microalga. Compared with Chlorella vulgaris, which has shown a strong photoinhibition effect, the light saturation effect of C. debaryana indicates that the cultivation process may require less attention of the photoinhibition problem.
Effect of Light Duration
The effect of the light duration on biomass yields of C. debaryana AT 24 was studied ( Table 2) , while it was cultivated at 20˝C and light intensity of 150 µmol¨m´2s´1. When compared with the continuous illumination, the biomass yields for the 15-day cultures decreased by 20.9%, 49.2%, and 69.4% for 12 h, 6 h, and 2 h illumination, respectively. Reduced light exposure time resulted in apparently insufficient photosynthesis and biomass accumulation. yields in 15 and 30 days increased by 53% and 45%, respectively. However, a substantially higher level of intensity showed no observable influence. The results confirmed the apparent light saturation effect on the growth of this microalga. Compared with Chlorella vulgaris, which has shown a strong photoinhibition effect, the light saturation effect of C. debaryana indicates that the cultivation process may require less attention of the photoinhibition problem. 
Effect of CO 2 and Dilution on Biomass Yields
A mixture of 5 vol % CO 2 and 95 vol % air was used to bubble the photobioreactor at the rate of 100 ml/min. Biomass yields of C. debaryana obtained at 25˝C under continuous lighting are shown in Table 3 . When this microalga was cultured in the swine wastewater, the biomass yields after 15 and 30 days were approximately 2.4 and 2.9 g/L, respectively. Compared with cultures using air bubbling (biomass yields of 0.72-0.77 g/L), the biomass yields were almost triplicated by the excess CO 2 supplement. The composition of the swine wastewater is highly variable and dependent on many factors, such as environmental conditions and operation parameters. According to the literature [26] , the concentrations of COD, ammonia, and total Kjeldahl nitrogen in swine wastewater are within the range of 1517-8184 mg/L, 885-1985 mg/L, and 958-2124 mg/L, respectively. The high-strength swine wastewater might require dilution before adopting algae in it [15] . As shown in Table 3 , the results of diluted and non-diluted wastewater showed that there is no significant inhibition effect when using original swine wastewater. Compared with the compositions reported in the literature, the swine wastewater collected from the uncovered lagoon has a lower COD value of 2050-2600 mg/L [27] and a lower ammonia content (<180 mg/L) [28] , representing a low-strength wastewater that might be used directly as the algal medium. In addition, algal biomass yield in diluted wastewater is similar to that of proteose medium, which might be limited by the nutrients available.
Removal of Nutrients from Swine Wastewater
The COD value of wastewater is a measure of the amount of chemicals that consume dissolved oxygen [29] . Swine wastewater contains a considerable amount of nutrients, such as nitrogen and phosphorus (as shown in Table 1 ). Most of these nutrients contribute to the COD value. Microalgal growth reduced most nutritional contents of the wastewater. The data of nutrients removal under cultivation conditions used in this study is summarized in Table S2 . The average removal ratio of COD, ammonia, and phosphorous after 15-day culture were 59%, 81.4%, and 17.4%, respectively.
Regression Analysis and ANOVA Test
The regression analysis was applied to study the relationships between the response (biomass productivity of 15-day culture) and three effect factors (temperature, light intensity, and light duration) ( Table 4 ). Our previous publications showed that the exponential growth phase of C. debaryana often ended before day 15 [15, 30] . Meanwhile, compared with conventional wastewater treatment processes that typically take 5-20 days [31] , treating wastewater with algae culture for 15 days is relatively reasonable. After regression analysis of the experimental data, a second-order polynomial equation was obtained, and the predictive model developed is listed as Equation (3): Y(unit: g/L) " 10 -3ˆp´1 967.8089`219.0324 X 1`0 .8165 X 2`6 4.6227 X 3´0 .0085 X 1 X 2 2.3220 X 1 X 3´0 .0006 X 2 X 3´4 .9092 X 1 2´0 .0005 X 2 2`0 .1277 X 3 2 q
with a R 2 of 0.9706, implying that this response model could explain 97.1% of the variability within the investigated range. The highest algal biomass yield (Y) was found to be 1.21 g/L with this equation, when the temperature X 1 , light intensity X 2 , and light duration X 3 were 18.4˝C, 651 µmol¨m´2s´1, and 24 h/day, respectively. Since the longest day time in the Piedmont Triad area (NC) is 14.5 h/day, the highest algal biomass yield of 0.96 g/L was reached when the temperature and light intensity were 18.3˝C and 652 µmol¨m´2s´1, respectively. According to the local climatic conditions and Equation (3), calculated biomass yields of C. debaryana are summarized in Table 5 . ANOVA was applied to generate p values. The p-values for the cultivation temperature (X 1 ), light intensity (X 2 ), light duration (X 3 ), X 1 X 2 , X 1 X 3 , X 2 X 3 , X 1 2 , X 2 2 , and X 3 2 were 1.3942ˆ10´7, 0.10, 0.0107, 0.40, 0.0005, 0.9664, 7.4556ˆ10´7, 0.467, and 0.83, respectively. If a statistical significance level cut-off is chosen as p = 0.05, it is concluded that the factors of the cultivation temperature (X 1 ), light duration (X 3 ), the interaction between cultivation temperature and light duration (X 1 X 3 ), and the quadratic effect of temperature (X 1 2 ) were statistically significant. Three-dimension (3D) response surfaces were performed to elucidate mutual effects of the experimental variables on the response (Figure 2) . The results confirmed that the interaction of temperature-light duration was significant. A higher light intensity may be able to make up the inadequate light duration. The optimal growth temperature is around 19 °C.
(a) 
Estimation of Annual Biomass Yield of C. Debaryana
Following scenario was used to estimate the annual biomass yield of C. debaryana under local weather conditions: Algae were grown in a race-way pond of 10 acres with 20 cm water depth, and harvested at a rate of 5 cm (i.e., 2000 m 3 ) per day. Algae were not grown during December, January, and February.
When comparing different scenarios, the baseline was the technical objectives that were reported by US National Laboratories [32] . These technical objectives are (1) the algal productivity is assumed to reach 25 g/m 2 /day; (2) cell concentration is 0.5 g/L (i.e., algal growth rate is 0.125 g/L/day); (3) lipid content of algae is 25%; and (4) N and P demands are 8.7% and 1.3% of dry algae, respectively.
The calculation results are summarized in Table 5 . According to the technical objectives that were proposed by US government agencies, a race-way pond of 10 acres could produce algal biomass at a yield of 30.7 tonnes/month or 369 tonnes/year. If C. debaryana was grown under NC weather conditions, the growth rate would be between 0.029 and 0.067 g/L/day, resulting an annual biomass yield of 113 tonnes/year. The annual biomass yield obtained using C. debaryana is at least three times less than the objectives proposed by agencies.
In order to improve the sustainable production of algal biomass in North Carolina, this study provided following information:
(1) As a native species, C. debaryana could stand local cold weather, and remain fast-growing around 15 °C. If a covered photobioreactor system with temperature controll was applied, the year-round production of algal biomass could be realized and improved. (2) A nearby CO2 source will be a perk for the biomass production, because a 5 vol % supply increased the biomass yields of C. debaryana by three times.
Evaluation of the Potential of Biomass and Biofuel Production
Scenarios are summarized in Table 6 . Scenario 1 is the baseline scenario that used the technical Three-dimension (3D) response surfaces were performed to elucidate mutual effects of the experimental variables on the response (Figure 2) . The results confirmed that the interaction of temperature-light duration was significant. A higher light intensity may be able to make up the inadequate light duration. The optimal growth temperature is around 19˝C.
Estimation of Annual Biomass Yield of C. Debaryana
The calculation results are summarized in Table 5 . According to the technical objectives that were proposed by US government agencies, a race-way pond of 10 acres could produce algal biomass at a yield of 30.7 tonnes/month or 369 tonnes/year. If C. debaryana was grown under NC weather conditions, the growth rate would be between 0.029 and 0.067 g/L/day, resulting an annual biomass yield of 113 tonnes/year. The annual biomass yield obtained using C. debaryana is at least three times less than the objectives proposed by agencies. In order to improve the sustainable production of algal biomass in North Carolina, this study provided following information:
(1) As a native species, C. debaryana could stand local cold weather, and remain fast-growing around 15˝C. If a covered photobioreactor system with temperature controll was applied, the year-round production of algal biomass could be realized and improved. (2) A nearby CO 2 source will be a perk for the biomass production, because a 5 vol % supply increased the biomass yields of C. debaryana by three times.
Evaluation of the Potential of Biomass and Biofuel Production
Scenarios are summarized in Table 6 . Scenario 1 is the baseline scenario that used the technical objectives proposed by US government agencies. As described in the Materials and Method section, annual swine wastewater production in NC was assumed to be 10.1 million m 3 /year, and algae were grown continuously in the raceway ponds at a growth rate of 0.125 g/L/day to treat this amount of wastewater. The harvest mode of algae was to collect the top 5 cm of algal broth every day. Treating 10.1 million m 3 of wastewater required 137 acres, and annual algal biomass production could reach 5048 tonnes/year, yielding algal oil of 1010 tonnes/year. Nitrogen and phosphorus removals from swine wastewater would be 439 and 65.5 tonnes/year, respectively. Scenario 2 is based on the experimental information that was obtained from this study and [15] . Algal culture was operated at the batch mode, and the biomass yield normally could reach 1 g/L within two weeks, giving a growth rate of 0.07 g/L/day. Algae were harvested every two weeks. In order to treat 10.1 million¨m 3 wastewater, this scenario required 485 acres of ponds, which is 3.54 times more than that of Scenario 1. Since the lipid content of C. debaryana is~20% (wt) of total dry biomass, the algal oil production would be 2020 tonnes/year. Annually, 554-908 tonnes of nitrogen and 484-898 tonnes of phosphorus could be removed from swine wastewater. Scenario 3 assumed that the area of ponds was 485 acres, but algae were harvested daily and new wastewater was added at the same rate. With these assumptions, biomass yield was slightly higher than that of Scenario 2. The results indicated that the fed-batch mode of operation might be better than the batch mode.
Scenario 4 adopted the fed-batch mode of operation, but the area of ponds were set to be equal to the baseline scenario (i.e., 137 acres). Since the growth rate C. debaryana is slower than the assumed value in Scenario 1, both biomass and oil production were lower than those of Scenario 1. However, phosphorus removal is higher than the baseline scenario, the possible reasons are different species or assumptions used. Scenario 5 was developed from the Scenario 3. Because C. debaryana only shows a moderate growth rate among algal strains isolated from the swine wastewater lagoon [15] , it is assumed that swine wastewater was treated by growing algal species A and B that have a 50% higher and lower growth rate than C. debaryana (i.e., 0.105 g/L/day and 0.035 g/L/day), respectively. If the same area of 485 acres was used for wastewater treatment, these two algae will yield biomass of 15,702 and 5234 tonnes/year, respectively. These numbers gave an idea how the algal growth rate might affect the annual algal biomass productivity.
Conclusions
Sustainable production is one of the critical barriers in the algal research. In order to solve this problem, Chlamydomonas debaryana AT24 was grown in swine wastewater under various environmental conditions, and the results were further used to analyze the potential of algal biomass/biofuels production in North Carolina, USA. For this paper, it was found that (1) there was an apparent light saturation effect on the growth of this microalga; (2) the optimal growth temperature was 19˝C; and (3) the biomass yields were almost triplicated by the excess CO 2 supplement. The biomass production was further optimized using the factorial experimental design, and the results were fitted with a regression quadratic model (R 2 = 0.9706). The highest algal biomass yield (Y) was found to be 1.21 g/L with this model, when the temperature, light intensity, and light duration were 18.4˝C, 651 µmol¨m´2s´1, and 24 h/day, respectively. The factors of cultivation temperature, light duration, the interaction of light intensity-light duration, and the quadratic effect of temperature were statistically significant.
Growing C. debaryana in a 10-acre pond on swine wastewater under NC weather conditions was estimated to yield algal biomass of 113 tonnes/year, which is three times lower than the objective set by US government agencies. Based on information obtained through this study, both better designed photobioreactor system and a nearby CO 2 source could help improve algal biomass production in North Carolina.
Further evaluating the potential of algal biomass and biofuels production showed that, if all swine wastewater generated in NC was treated with this alga, it will require 137-485 acres of ponds, yielding biomass of 5048-10,468 tonnes/year and algal oil of 1010-2094 tonnes/year. The required area is mainly dependent on the growth rate of the algal species.
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